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Natural Selection of Parental Ability to Vary the Sex Ratio of Offspring
Abstract. Theory and data suggest that a male in good condition at the end of the period of parental investment is expected to outreproduce a sister in similar condition, while she is expected to outreproduce him if both are in poor condition. Accordingly, natural selection should favor parental ability to adjust the sex ratio of offspring produced according to parental ability to invest. Data from mammals support the model: As maternal condition declines, the adult female tends to produce a lower ratio of males to females.
Fisher (1) showed, and others (2) reformulated, that natural selection favors those parents who invest equally in both their sons and their daughters. When the parents invest the same in an average son as in an average daughter, natural selection favors a 50/50 sex ratio (ratio of males to females) at conception (3, 4). (For simplicity, we assume here that parents are investing equally in average offspring of either sex.) Individuals producing offspring in sex ratios that deviate from 50/50 are not selected again as long as these deviations exactly cancel out and result in a sex ratio at conception of 50/50 for the local breeding population. Such a situation is highly unstable, since random deviations from the 50/50 ratio in local populations rapidly favor those individuals producing their young in ratios of 50/50. We show here that under certain well-defined conditions, natural selection favors systematic deviations from a 50/50 sex ratio at conception, and that these deviations tend to cancel out in the local breeding population.
Imagine a population of animals (for instance, caribou) in which the condition of adult females varies from good to poor (as measured, for example, by weight). Assume that a female in good condition is better able to bear and nurse her calf than is a female in poor condition, so that at the end of the period of parental investment (PI), the healthiest, strongest, and heaviest calves will tend to be the offspring of the adult females who were in the best condition during the period of PI. Assume that there is some tendency for differences in the condition of calves at the end of the period of PI to be maintained into adulthood. Finally, assume that such adult differences in condition affect male reproductive success (RS) more strongly that they affect female RS. That is, assume that male caribou in good condition tend to exclude other males from breeding, thereby inseminating many Fisher (1) showed, and others (2) reformulated, that natural selection favors those parents who invest equally in both their sons and their daughters. When the parents invest the same in an average son as in an average daughter, natural selection favors a 50/50 sex ratio (ratio of males to females) at conception (3, 4). (For simplicity, we assume here that parents are investing equally in average offspring of either sex.) Individuals producing offspring in sex ratios that deviate from 50/50 are not selected again as long as these deviations exactly cancel out and result in a sex ratio at conception of 50/50 for the local breeding population. Such a situation is highly unstable, since random deviations from the 50/50 ratio in local populations rapidly favor those individuals producing their young in ratios of 50/50. We show here that under certain well-defined conditions, natural selection favors systematic deviations from a 50/50 sex ratio at conception, and that these deviations tend to cancel out in the local breeding population.
Imagine a population of animals (for instance, caribou) in which the condition of adult females varies from good to poor (as measured, for example, by weight). Assume that a female in good condition is better able to bear and nurse her calf than is a female in poor condition, so that at the end of the period of parental investment (PI), the healthiest, strongest, and heaviest calves will tend to be the offspring of the adult females who were in the best condition during the period of PI. Assume that there is some tendency for differences in the condition of calves at the end of the period of PI to be maintained into adulthood. Finally, assume that such adult differences in condition affect male reproductive success (RS) more strongly that they affect female RS. That is, assume that male caribou in good condition tend to exclude other males from breeding, thereby inseminating many more females themselves, while females in good condition, through their greater ability to invest in their young, show only a moderate increase in RS. Under these assumptions, an adult female in good condition who produces a son will leave more surviving grandchildren that a similar female who produces a daughter, while an adult female in poor condition who produces a daughter will leave more surviving grandchildren than a similar female who produces a son.
In short, natural selection favors the following reproductive strategy. As females deviate from the mean adult female condition they should show an increasing tendency to bias the production of their young toward one sex or the other. Whenever variance around some mean condition is a predictable attribute of adults in a species, natural selection will arrange the deviations away from a 50/50 sex ratio at conception so that the deviations will tend to cancel out. Other things being equal, species showing especially high variance in male RS (compared to variance in female RS) should show, as a function of differences in maternal condition, especially high variance in sex ratios produced.
The model we are advancing depends on three assumptions, for which there are both supporting data and theoretical arguments.
1) The condition of the young at the end of PI will tend to be correlated with the condition of the mother during PI. This has been shown for many species (5-7) and is probably true of almost all animals with small brood sizes. It is sometimes true of species with large, highly variable brood sizes but need not be (7).
2) Differences in the condition of young at the end of the period of PI will tend to endure into adulthood. Although animals show some capacity for compensatory growth, we would be surprised if this claim were not often true. It has been demonstrated experi-SCIENCE, VOL. 179 more females themselves, while females in good condition, through their greater ability to invest in their young, show only a moderate increase in RS. Under these assumptions, an adult female in good condition who produces a son will leave more surviving grandchildren that a similar female who produces a daughter, while an adult female in poor condition who produces a daughter will leave more surviving grandchildren than a similar female who produces a son.
2) Differences in the condition of young at the end of the period of PI will tend to endure into adulthood. Although animals show some capacity for compensatory growth, we would be surprised if this claim were not often true. It has been demonstrated experi-SCIENCE, VOL. 179 mentally for laboratory and farm animals (8). In rats, for example, differences in weanling size due to differences in litter size are maintained into adulthood (9). Throughout life, human twins lag behind their singleton counterparts in height and weight (10) and in RS (11).
3) Adult males will be differentially helped in RS (compared to adult females) by slight advantages in condition. In all species showing negligible PI by males, male RS is expected to vary more than female RS, and considerable evidence supports this claim (4, 12). In theory, slight advantages in condition should (because of male competition to inseminate females) have disproportionate effects on male RS compared to the effects on female RS.
We assume that sex ratio at birth in mammals is a measure of tendency to invest in one sex more than in the other. With this assumption, available data from several species support the prediction that females in better condition tend to invest in males (13-15). Adverse environmental conditions for the mother during pregnancy are correlated with a reduced sex ratio at birth in deer and humans. Experimentally induced stress of piglets in utero apparently reduces the sex ratio at birth. In dogs, deer, and humans, two variables that correlate with decreased maternal investment per offspring (maternal parity and litter size) correlate with reduced sex ratios at birth. Likewise, increasing litter size in mink and sheep correlates inversely with sex ratio at birth. Naturally occurring variations in sex ratio at birth can be large; in two seal species (16), females pupping early in the season produce sex ratios larger than 120/100, while females pupping late produce a complementary ratio (less than 80/100).
Since females in good condition are assumed to outreproduce females in poor condition, it is not possible for genes producng one sex ratio to accumulate among females in poor condition and genes for the complementary sex ratio to accumulate among females in good condition. Instead, natural selection must favor one or more genes that adjust the sex ratio produced by an adult female to her own condition at the time of PI. In species such as mammals, in which males determine sex of offspring, female control of the sex ratio must involve differential mortality by sex, either of sperm cells (17) or of the growing young during PI. If, as in 5 JANUARY 1973 caribou, maternal PI extends over a period of time in which maternal condition may unpredictably deteriorate, then the female who can make adjustments during that period should outcompete the female who adjusts the sex ratio only at the very beginning of PI. In general, of course, the earlier the adjustment, the better. Differential male mortality during the period of parental investment ought to be part of the mechanism by which a female adjusts the sex ratio of her young in such a way as to maximize her eventual reproductive success. Differential male mortality in utero has been demonstrated for deer, cows, and humans; and most of the differential mortality takes place early in pregnancy (18).
As it applies to mammals, the model amounts in part to an adaptive interpretation of early differential male mortality. We know of no alternate functional model for such differential mortality. The usual nonfunctional argument (that the unguarded X chromosome of the male predisposes him to differential mortality) not only fails as a general explanation of differential mortality by sex (19), it also fails to account for the influence of maternal condition on differential mortality in utero and for species differences in the degree of early differential mortality. Careful attempts to measure the contribution of the unguarded X chromosome of the human male to his differential mortality in utero have concluded that the contribution must be negligible (20). That variations in sex ratio as large as those observed in nature should be a matter of indifference to the individuals producing them seems most unlikely.
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